Isothermal-isobaric (NPT) molecular dynamics simulations have been performed to investigate the structure, morphology, and energetics of polymer organoclay nanocomposites based on seven nonsteroidal antiinflammatory drugs (NSAIDs), two biocompatible polymers, and hydrotalcite as the clay mineral, both in an anhydrous and in a solvated environment. The results of our theoretical computations show that nanoconfined conformations of smaller NSAIDs are more affected by the presence of water molecules in the clay gallery with respect to their larger counterparts. Moreover, the presence of water in the mineral interlayer space decreases the interaction energy between the NSAID molecules and the clay, and this detrimental effect is further enhanced by the presence of polar moieties onto the NSAIDs. Finally, from the thermodynamics standpoint, the best intercalation results in a solvated environment could be obtained with PVA in the case of less polar drugs, while PHB could be the polymer of choice in the case of highly polar NSAIDs.
Introduction
The structural arrangement and dynamical behavior of H 2 O molecules, ions, and other molecular species in the confined spaces of nanoscale pores and mineral interlayers are a key factor in understanding transport and reactivity in many technological and biological systems. In this respect, considerable research efforts have been focused on the design of nanoscale oral sustained-and controlled-release drug delivery systems. 1 Special attention has been spent devising how to regulate the rate of drug release by means of monolithic devices in which the drug is dispersed or included in an inert matrix. 2, 3 A way to produce inclusion compounds with drugs consists of their intercalation in a lamellar host lattice. As an example, it has been shown recently that Mg/Al-hydrotalcite (HT), an inorganic and biocompatible anionic layered solid, can intercalate different kinds of nonsteroidal antiinflammatory drugs (NSAIDs) and modify their release. 4, 5 Natural or synthetic hydrotalcites are of particular interest because they are the only known family of layered host with positively charged layers balanced by exchangeable anions. They have been further studied as catalysts, support for catalysts, anion exchangers, adsorbents, and additives. 6 Hydrotalcite has the general formula [M(II) 1-x M(III) x -OH) 2 ] x+ [A n-x/n ] x-mS, where M(II) is a divalent metal cation, usually Mg, M(III) is a trivalent metal cation, usually Al, A nis an exchangeable inorganic or organic anion that compensates for the positive charge of the layer, and m is the number of moles of solvent S, usually water, co-intercalated per mole of compound.
The nature of the layer cations can vary in a wide range, mainly including main group cations (e.g., Mg, Ca, Al, Ga, or In) or transition metals, such as V, Cr, Mn, Fe, Co, Ni, Cu, Zn, or Y, generally in the divalent or trivalent state, although preparation of hydrotalcites with tetravalent cations has been also claimed; 7-9 also, the interlayer anions can be quite different, including halides, oxoanions, oxometalates, polyoxometalates, coordination compounds, and organic anions. [7] [8] [9] [10] [11] Mg/Alhydrotalcite (HT) is biocompatible 6 and has found pharmaceutical applications as antacid, 12 an ingredient in sustained-release pharmaceuticals containing nifedipine, 13 pharmaceutical compositions stabilizer, and in the preparation of aluminummagnesium salts of antipyretic, analgesic, and antiinflammatory drugs. As already mentioned above, hydrotalcite is also a potential host structure for intercalation of different kinds of NSAID molecules, thus exerting a controlled-drug release function. 4, 5, 14, 15 To couple these features with enhanced mechanical properties in systems to be exploited, for instance, as degradable polymeric implants that can also be used simultaneously to deliver therapeutic drugs to treat infections, polymer clay nanocomposite loaded with NSAIDs can be envisaged and designed.
One way of improving the mechanical properties of such a nanocomposite material (and also affecting the rate of drug release) is to achieve the exfoliation of the drug-modified layers of hydrotalcite in biocompatible polymers, such as poly( -hydroxybutyrate) (PHB) or poly(vinyl alcohol) (PVA). On the basis of our experience in the field, [16] [17] [18] in this work we present the results obtained from the use of atomistic computer modeling to investigate the structure, morphology, and energetics of different polymer nanocomposite systems based on several NSAIDs, hydrotalcite, and the two above-mentioned biopolymers (PHB and PVA), two different biocompatible polymers, poly( -hydroxybutyrate) and poly(vinyl alcohol). PHB belongs to the group of polyhydroxyalkanoates (PHA), a class of microbial biopolymers that have recently attracted a lot of attention from tissue engineers as a potential medical material. [19] [20] [21] [22] PHB is produced on a large scale through bacterial fermentation, 23 and it can degrade in the human body environment. It has been used as drug carrier, 24 regulator of fluoride release, 25 and also as matrix for organoclay nanocomposites 26 and biodegradable implants. 20 PVA is a water-soluble, biodegradable, and biocompatible polymer that has been used as matrix in biodegradable polymer/clay nanocomposites 27 and for medical applications. 28, 29 NSAIDs may be structurally classified as carboxylic or enolic acids. 30, 31 Thus, in the form of salts, they are able to substitute the anions in the hydrotalcite interlayer. NSAIDs are used in both human and veterinary medicine. 31, 32 In detail, in this paper we have investigated the effects of different parameters, such as NSAID volume, presence of polar moieties in the NSAID scaffold, absence/presence of water in the mineral gallery, and polymer intercalation.
Computational Details
The chemical structure of HT was derived from the crystal structure of Mg/Al hydrotalcite as determined by Bellotto et al. 33 Starting from relevant crystallographic coordinates, we built the unit cell of HT crystal using the Crystal Builder modulus of the Materials Studio molecular modeling package (v. 3.2, Accelrys, San Diego, CA). The resulting lattice is hexagonal, with space group R3m, and characterized by the following lattice parameters:
The model structures of all NSAIDs (see Figure 1) were generated using the sketcher tool of Materials Studio. All molecules were subjected to an initial energy minimization using the Compass force field, 34, 35 the convergence criterion being set to 10 -4 kcal/(mol Å). The choice of the Compass resulted from a compromise between good accuracy and availability of force field parameters for all atom types present in the molecular model. The generation of accurate model amorphous structures for both polymers was conducted as follows. First, the constitutive repeating unit (CRU) was built and its geometry optimized by energy minimization again using Compass. Hence, the CRU was polymerized to a conventional degree of polymerization (DP) equal to 15. Although, this chain may be too short to capture the genuine response of a long polymer molecule; in the case of polystyrene (PS) it has been verified that a polymer with the same DP is longer than the average persistence length of PS in polymer clay nanocomposites. 36 Further, polymers of similar lengths have been already successfully employed by us in similar studies. [16] [17] [18] Explicit hydrogens were used in all model systems. The Rotational Isomeric State (RIS) algorithm, 37 as modified by Theodorou and Suter, 38 was used to create the initial polymer conformation at T ) 460 K. The structure was then relaxed to minimize energy and avoid atom overlaps using the conjugategradient method.
After each component was modeled (HT platelet, NSAIDs, PHB, and PVA), for each possible drug/polymer combination we built one binary system (HT/NSAID), two ternary systems (HT/H2O/NSAID and HT/NSAID/polymer), and one quaternary system (HT/H2O/NSAID/ polymer). The TIP3P model was chosen to represent water molecules. 39 To generate a mineral surface apt for the simulation, the lattice constant c of the HT cell with three NSAID molecules on one side was extended to 150 Å. Coulombic and van der Waals interactions were treated with a direct cut off radius of 8.5 Å. To equilibrate the system, we then performed one cycle of combined molecular mechanics/molecular dynamics simulated annealing (MDSA) [40] [41] [42] protocol (from 60 to 460 K) to achieve temperature and velocity of atoms. Next, 250 ps of isothermal-isochoric (NVT) molecular dynamics experiments was run at 460 K on the frame obtained from MDSA simulation at 460 K. During the productive MD simulations, the positions of the HT and Cl -atoms were fixed, but all remaining system components (polymer, water, and NSAID molecules) were allowed to move accordingly.
The estimation of the molecular surface areas (SA) and volumes (V) was performed via the Connolly dot algorithm, [43] [44] [45] corrected to account for quantum effects using the method proposed by Rellick and 153  194  766  335  Val  155  205  566  486  Nap  211  261  745  378  Tol  223  271  585  406  Ibu  226  289  548  603  Dic  237  289  576  462  Ind  301  359  499  481 a All energies are in kcal/mol. Becktel. 46 In this way, no assumption was made about the value of the radii of individual atoms. 47 The total potential energy of a ternary system composed, for example, by PHB, HT, and NSAID molecule, E(PHB/HT/NSAID), may be written as:
where the first three terms represent the energy of PHB, HT, and NSAID molecule, respectively, and consist of both valence and nonbonded components. The last three terms are the interaction energies between each of two component pairs (made up of nonbonded terms only). By definition, the binding energy is the negative of the interaction energy. To calculate each binding energy term, E bind(PHB/HT) taken as an example, we first created a PHB/HT system by deleting the NSAID molecules from an energy minimized conformation, and then calculated the potential energy of the system E PHB/HT without further minimization. Next, we deleted the HT platelet and Cl anions, leaving a PHB molecule alone, and thus calculated the energy of the PHB molecule, E PHB. Similarly, we deleted the PHB molecule from the PHB/ HT system and calculated EHT. According to this procedure, the binding energy Ebind(PHB/HT) can then be calculated from the following equation:
Similarly, the binding energies Ebind(PHB/NSAID) and Ebind(HT/ NSAID) can be computed as follows:
Analogous procedures were applied for the other ternary and quaternary systems. Table 1 reports the calculated binding energies between all of the NSAID molecules considered and hydrotalcite for the corresponding binary (HT/NSAID) and water-based ternary systems (HT/H 2 O/NSAID), respectively. As we can see from 
Results and Discussion
E bind (HT/NSAID) ) E HT + E NSAID -E HT/NSAID (4) this Table, in the case of two-component systems the binding energy between clay and drug decreases with increasing drug volume. This is also graphically illustrated in Figure 2 , in which the dependence of E bind (HT/NSAID) on the drug volume V is evident. On the contrary, the opposite trend is observed in the water-based ternary system (see Table 1 and Figure 2 ). To understand and discuss this behavior in the light of the molecular conformations near the clay surface, in Figures 3-5 we report the snapshots taken from a molecular dynamics simulation at T ) 460 K of the corresponding binary and water-based ternary systems, respectively. In detail, Figure 3 shows the frames of the (HT/NSAID) systems comprising the largest (Ind) and the smallest (Acs) NSAID molecules, respectively. As the simulation progresses, the molecules of Acs completely flatten onto the clay surface (see Figure 3a -c), thus resulting in the highest binding energy (see Table 1 ). Conversely, the bigger dimensions and the different conformational arrangement of the Ind molecules hamper the flattening process onto the hydrotalcite surface (see Figure 3d -f). Other remarkable evidence is given by the fact that the calculated binding energy between HT and Valproic acid is quite lower than the corresponding value between HT and Acs, despite the comparable values of their molecular volumes (see Table 1 ). One of the reasons for this behavior can be found in the fact that Val, contrarily to all other NSAIDs except Ibuprofen, does not feature any further polar moiety in its structure. Figure 4a and b shows that, during the simulation, Val does not flatten onto the mineral surface. This scarce mutual molecular surface interaction unavoidably results in the corresponding low binding energy between clay and Val; also, it reflects the detrimental effect of the absence of the polar functional groups in the clay-drug interactions. In the corresponding water ternary systems, the binding energy values of the systems characterized by the presence of the Valproic acid and Ibuprofen are higher than all other sets (see Table 1 and Figure 2 ). Figure 5a shows a frame extracted from the equilibrated MD trajectory at T ) 460 K of the (HT/H 2 O/Acs) system. By comparing these snapshots with the relevant ones obtained in an anhydrous environment (i.e., Figure 3b ), a conformational change of the Acs molecules can be observed. Indeed, the water molecules close to the mineral layer assume a bridging role between the clay surface and the drug, contemporarily shielding the drug/surface interactions and hampering the drug flattening process by the formation of stable hydrogen bonds. Accordingly, this globally results in a significant decrease of the corresponding energy term E bind (HT/ NSAID). On the other hand, the conformational change induced by water in the case of Val is less effective, as could be expected (compare Figure 5b and Figure 4b ). From this evidence, as well as from the dependence of the binding energy on the molecular volume shown in Figure 2 , we can sensibly conclude that the influence exerted by the presence of water in the mineral interlayer galleries is greater in the case of smaller and more polar NSAID molecules. This phenomena is attributed to the shielding effect of the water molecules, which increases the binding energy E bind (H 2 O/NSAID) between drug and water via hydrogen bonding and hence decreases E bind (HT/NSAID). Let us now consider the effect of the presence of the polymer chain. Tables 2 and 3 illustrate the binding energies values between clay, NSAID molecules, and polymers in the ternary and quaternary systems, respectively. As one of the major parameters that plays a role in designing these systems is the interaction energy between drug and host molecules, [16] [17] [18] we also calculated the sum of the binding energies for the clay/ drug and polymer/drug systems (see last columns of Tables 2  and 3) . In all cases, we observe a decrease of this quantity when water molecules are present, as the solvent, in its shielding effect, also contributes to decrease substantially the binding energy between the polymer and the drug.
To find out how the exfoliation of drug-modified hydrotalcite layers in the polymer matrix can affect the interactions between the drug and its host structure, we have compared the binding energies in the systems with and without polymers, characterized by E bind (HT/NSAID) + E bind (polymer/NSAID) and E bind (HT/ Tables 4 and 5 ). In the models without water molecules (Table 5) , the value E bind (HT/NSAID) + E bind (polymer/NSAID) is always higher than E bind (HT/ NSAID) alone in the corresponding two component systems. The situation is undoubtedly more interesting in the models with H 2 O molecules included in the clay gallery. Indeed, E bind (HT/ NSAID) + E bind (PHB/NSAID) is higher in the case of Acs and Dic, while E bind (HT/NSAID) + E bind (PVA/NSAID) is higher in the case of Ibu. In light of all of the above-reported evidence, we can conclude that, to promote the favorable interactions between drug and clay, drug-modified hydrotalcite layers should be preferentially exfoliated in PVA in the case of Ibuprofen, while PHB is the polymer of choice in the case of Acetylsalycilic acids and Diclofenac.
NSAID), respectively (see

Conclusions
The global results obtained from the atomistic, molecular dynamics simulations performed on different binary, ternary, and quaternary systems made up of two biodegradable polymers (PHB and PVA), HT, and seven nonsteroidal antiinflammatory drugs (Asc, Ind, Ibu, Nap, Dic, Tol, and Val) allow us to draw some general conclusions. First, smaller and polar NSAID compounds are more easily influenced by the presence of water molecules in the clay gallery, with respect to their less polar counterparts. Indeed, by virtue of the establishment of a hydrogen-bond network between clay, water, and drug molecules, the solvent presence in the interlayer space smoothes off the NSAIDs strong, favorable interaction with the clay surface. Notwithstanding, the binding energy between a drug and its host HT layers can be increased by intercalating polymers in the galleries of the drug-pretreated HT. In particular, in the case of hydrophobic drugs such as Ibuprofen, the simulation results tentatively indicate that, from a thermodynamics point of view, the best results for a solvated environment could be obtained via intercalation with PVA, while for acidic drugs such as Acetylsalicylic acid and Diclofenac, PHB could be the polymer of choice for intercalation. 
